S of the antibiotic alone to cause sustained suppression of lethality in this model is likely due to host inflammatory response to endotoxin released from bacteria killed by antibiotic (20); indeed, administration of antibiotic dramatically decreased blood bacterial counts, but plasma endotoxin level concomitantly increased in these animals ( Fig. 3) . This model of intraperitoneal infection may thus be representative of the clinical situation for human sepsis (2).
of the antibiotic alone to cause sustained suppression of lethality in this model is likely due to host inflammatory response to endotoxin released from bacteria killed by antibiotic (20) ; indeed, administration of antibiotic dramatically decreased blood bacterial counts, but plasma endotoxin level concomitantly increased in these animals ( Fig. 3) . This model of intraperitoneal infection may thus be representative of the clinical situation for human sepsis (2) .
We have developed a potent endotoxin antagonist E5531 by organic synthesis. In vitro studies showed E5531 to be a pure and specific LPS antagonist, while in vivo experiments demonstrated that E553 1 protected BCG-primed mice from lethality induced by LPS and also death caused by viable E. coli infection. That these remarkable protective effects have been extended to humans (21 ) suggests that E553 1 may be clinically useful in the treatment of Gramnegative sepsis and septic shock. 21 . In phase clinical trials with healthy volunteers, E5531 was found to be devoid of LPS-like agonistic or toxic side effects. When co-administered at 100 or 1000 pug per subject with a low-dose endotoxin challenge (4 (3) (4) (5) (6) . Earlier, we observed the relaxation of stretched DNA molecules in dilute and concentrated polymer solutions, using optical tweezers (7) and fluorescence microscopy (3, 5, 6 (8, 9) show quantitative agreement between the elasticity data and the force law for a worm-like chain and give an approximate formula (8) of
where F is the force applied across the ends, A is the persistence length, x is the extension, L is the length of the polymer, and kBT is the thermal energy.
We made our measurements by optically trapping a microsphere attached to one end of a DNA molecule while the other end remained free. In this way we were able to investigate the hydrodynamic interaction between the polymer and the fluid. The chain was positioned away from any surface, and we elongated it in a uniform (nonshearing) flow by translating the fluid past the trapped, stationary microsphere (Fig. lA) . By determining the scaling properties of the system as a function of polymer length and solvent viscosity, we investigated the effects of hydrodynamic coupling. As Zimm showed (10), the hydrodynamic coupling within a polymer near equilibrium causes, in the simplest case, the total hydrodynamic drag to scale as Fdrag L05. If hydrodynamic cou-pling is negligible, the chain is said to be "free-draining" and the hydrodynamic drag would be Fdrag -L. It is often assumed that a polymer would become freedraining in the limit of large extensions. For example, de Gennes modeled the hydrodynamic shape of a polymer in an elongational flow as a cylinder into which the flow field penetrated on a finite length scale, making the chain free-draining in the limit of large extensions ( 1 ) .
In our experiment, we used a broad range of fluid velocities (v) and two different viscosities (-q), 0.95 and 2.9 cP (centipoise) (Fig. 1B) . When the extension is plotted versus the product of the viscosity and the velocity, the data for both viscosities overlap, suggesting that the hydrodynamic drag on the chain is a function of qv (12) . Furthermore, this overlap of the data for a 0.3-and a 1.0-pum sphere shows that perturbation on the hydrodynamic drag due to the bead is small (13 On an empirical level, our data show that a dumbbell model (with one bead held fixed, the other bead free, and a spring obeying the force law of Eq. 1) may be used to predict the steady-state extension of the chain in a uniform flow. The flow extends the chain as if a force proportional to 'qvL054 were applied at its end by means of a fictitious bead. The fictitious bead's radius (reff), and thus the chain's hydrodynamic drag, would be constant for a given chain length and would scale as LU 54. As v goes to 0, the size of the fictitious bead should scale as the radius of gyration (Rg) because the coil is only slightly deformed. Such independence of hydrodynamic drag with respect to extension is consistent with the calculations of Larson and Magda for extensional flows (17) . Our measurements give reff = 0.6 gm for a 34.6-pum chain (18) . Although a dumbbell model describes the steady-state extension, it should only be valid for dynamic processes slower than the slowest relaxation time of the polymer (1, 19) . For example, the rate of relaxation predicted by this model (dx/dt = -FI 61r'r-reff) in conjunction with the measured force law (Eq. 1) does not agree with the measured relaxation of tethered DNA molecules (6, 20) .
Fluctuations of the chain conformation are an important part of polymer dynamics. These fluctuations are due to Brownian motion and, in a flow, may also be driven by a variation in the hydrodynamic drag as the chain conformation changes. Present theories do not consider this latter type of variation in the hydrodynamic drag. To characterize the observed fluctuations, we computed the standard deviation (ux) in extension x (Fig. 3) . The relative sizes for the fluctuations were well described by 'j/x- '' which qualitatively has the correct dependence and gives a value only 35% smaller in magnitude than the experimental data.
Direct visualization of the chain conformation gives us further insight into the deformation problem. Because the chain is uniformly labeled with dye molecules and the imaging system has linear gain, the chain segment distribution may be inferred from intensity measurements from instantaneous images (Fig. 1A) and time-averaged images (Fig. 4A) . The images are a twodimensional projection of an object fluctuating in three dimensions. To extract information on the chain conformation, we analyzed only those video frames in which the molecule was reasonably well focused (50 to 70% of the total number of frames). Although the fluctuations of the chain take place roughly within a cone-shaped envelope (Fig. 4B) , the chain segment distribution does not vary uniformly along the flow direction (Fig. 4C ). There is a localized increase in chain segments at the free end of the chain where the tension goes to zero. A successful theoretical description should account for the observed conformations and for the dependence of the extension on velocity and length.
Our results indicate that the Brochard theory (21) does not describe tethered DNA molecules. For small deformations in the Hookean regime (x/L < 0.3), the extension increases with velocity as xv0.70 ± 0-08, in disagreement with Brochard's prediction of quadratic or exponential growth depending on solvent quality. Although the chains we studied had 400 to 1600 persistence lengths (-50 nm), the scaling picture requires that each blob contain a large enough number of statistical segments to be described by a random walk. The blobs, especially those near the microsphere, may not be in the scaling regime and may not entirely exclude the fluid flow.
Zimm, motivated by our measurements, modeled the stretching of a tethered polymer near equilibrium using a chain composed of multiple beads and Hookean springs (22) . He replaced the force on each bead (Fbead) by the average over all beads and then computed the Oseen tensor using 86 the Kirkwood-Riseman approximation (2, 23) . This leads to Fbead -v/L'12 and, by summing the tension along chain, the fractional end-to-end extension of the polymer RIL -'nvL"2, close to our experimental result of x/L -(rvL0 54)07 for x/L < 0.30. As v goes to 0, the scaling of x with v may have an exponent that is smaller than unity because x is constrained to approach a constant, R g' at zero velocity rather than zero while R is not so constrained. Although in this model each bead experiences the same force, it is the hydrodynamic coupling within the chain that leads to the rescaling of Fbead and thus the observed functional dependence.
For an investigation of the behavior far from equilibrium, a detailed comparison between theory and experiment can be made with numerical simulations by including Brownian motion and the worm-like-chain force law and by recalculating the hydrodynamic coupling between the beads at each extension (24) . In future studies, it is expected that these measurements will be extended to longer molecules and to more complex flows involving velocity gradients. Also, the instantaneous force on the trapped microsphere can be measured (25) , and these techniques can be applied to the dynamic unwinding of a polymer from a coil (21). P-mercaptoethanol, glucose oxidase (50 pKg/ml), 0.1% glucose, and catalase (10 pug/ml). We constructed DNA molecules up to about 100 pum long by ligating together several X-phage DNAs (16.3 pum) and linking them to a 0.3-pum or 1 -pm latex sphere by a streptavidin-biotin bond as in (5) . At this dye concentration, we measured the length of a single X-DNA to be 22 pum by attaching each end to a 1 -pm microsphere and stretching it between two optical traps with a peak force of order 10 pN. Variation of lengths from multiples of 22 pm were probably due to shearing of the DNA attached to a microsphere during pipetting. 27 Fig. 2 and shows the simultaneous measurements of metabolic cost, stroke amplitude (summed from the two wings), wingbeat frequency, and yaw torque during the application of a sinusoidal bias under closedloop conditions. As in all experiments, the fly was capable of stabilizing the visual stripe by generating a sinusoidal yaw torque to compensate for the applied bias. During this modulation in torque, the metabolic cost oscillates at roughly twice the bias frequency and is highly correlated with changes in wingbeat frequency and stroke amplitude. 
